i?-parity violating two-loop level rainbowlike contribution 
to the fermion electric dipole moment 
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We analyze the two-loop level i?-parity violating supersymmetric contribution to the electric and 
chromoelectric dipole moments of the fermion with neutrino and gaugino in the intermediate state. 
It is found that this contribution can be sufficiently enhanced with large tan /? and that it can have 
comparable size with the currently known _R-parity violating Barr-Zee type process in the TeV scale 
supersymmetry breaking. We also give new limits on the i?-parity violating couplings from the 
experimental data of the electric dipole moments of the neutron and the electron. 
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I. INTRODUCTION 

The standard model of particle physics is known to 
have many problems with observations, such as the mat- 
ter abundance of our Universe, and many candidates of 
new physics have been invented so far. Among them, the 
supersymmetry fl'| is widely noticed, due to the possibil- 
ity to resolve many phenomenological problems encoun- 
tered in the standard model. 

One of the most important experimental observables 
to probe the CP violation in the supersymmetric models 
is the electric dipole moment (EDM). The EDM is sensi- 
tive to the violation of parity and time reversal symme- 
try (or equivalently the CP symmetry), and is known to 
have very small standard model prediction Q . This 
fact gives a direct evidence of the CP violation beyond 
the standard model if any finite value is observed experi- 
mentally. Due to the stringent experimental limits on the 
EDM measured in many systems [#j6|, nrany CP phases 
of the supersymmetric models with [3, l7l-ll2l| and without 
i?-parity jlSl - llq were constrained so far. 

In this work we focus on the CP violation of the R- 
parity violating (RPV) sector [I^. The conservation of 
the i?-parity is often assumed to keep the lightest su- 
persymmetric particle stable, but this is only an ad hoc 
assumption, and phenomenologically, the existence of the 
RPV interactions is still allowed. The (trilinear) RPV in- 
teractions contribute to the fermion EDM from the two- 
loop level [13], and the Barr-Zee type process (see Fig . 
H]) is currently known to give the dominant effect [T8l[20|. 
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FIG. 1. Barr-Zee type diagrams within _R-parity violation. 
Recently, it was pointed that the two-loop level rain- 



bowlike contribution to the fermion EDM may have com- 
parable size with the leadingBarr-Zee type process in the 
i?-parity conserving sector [3, [l3| • This contribution has 
a fermion-sfermion inner loop, connected to the fermion 
external line with a Higgsino and a gaugino, and the fla- 
vor structure is exactly the same as for the Barr-Zee type 
diagram, with the same coupling constants. In the RPV 
sector, similar rainbowlike diagrams can be drawn by re- 
placing the Higgsino with the neutrino (see Fig. [5]), and 
it is therefore of necessity to evaluate and analyze this 
potentially sizable contribution. 
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FIG. 2. Example of rainbow diagram contributing to the 
fermion EDM within _R-parity violation. The neutralino is 
given by xo and the gluino by g. 



This paper is organized as follows. We first introduce 
the supersymmetric and RPV interactions relevant in 
this discussion in the next section. We then calculate in 
Section IIIII the rainbowlike contribution to the fermion 
EDM and to the chromo-EDM within i?-parity violation 
and give the explicit formulae. In Section ITVl we analyze 
the effect of the RPV supersymmetric rainbow diagrams 
by comparing with the EDM and the chromo-EDM gen- 
erated by the RPV Barr-Zee type diagrams. The last 
section is devoted to the summary. We have also col- 
lected the detailed derivation of important formulae in 
the Appendix. 
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II. RPV SUPERSYMMETRIC INTERACTIONS 



The sfermion mass matrix is given by 



Let us first give the Lagrangian of tlie particles relevant 
in this discussion. The RPV interactions relevant in this 
discussion are given by the following superpotential: 



1 



(1) 



with i,j,k = 1,2,3 indicating the generation, a,b = 1,2 
the SU{2)l indices. The SU{3)c indices have been omit- 
ted. L and E'^ denote the lepton doublet and singlet left- 
chiral superfields. Q, V and D'^ denote respectively the 
quark doublet, the up- type quark singlet and the down- 
type quark singlet left-chiral superfields. The bilinear 
term has been omitted in our discussion. Also baryon 
number violating RPV interactions (A'/^j.) will be omit- 
ted from now, to avoid rapid proton decay. This RPV 
superpotential gives the following lepton number violat- 
ing Yukawa interactions: 



+(h.c.) 



-^fP, 



'Kjk 



VidkPhdj + dLjdkPL^t + d^j^^iy^PLdj 



-CLidkPLUj - ULjdkPhei 
-K(h.c.) . 



(2) 



The soft breaking terms of the RPV sector will not be 
considered in this discussion. 

We should also give the supersymmetric interactions 
of the i?-parity conserving sector. The neutralino mass 
matrix is given as follows: 
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(4) 



where the corresponding neutralino field vector xo has as 
the first two components the up- and down-type Higgsi- 
nos, and the last two components refer to the ?7(l)y and 
the SU{2)l gauginos. In this work, we assume that the 
supersymmetry breaking scale is beyond TeV, which is 
strongly suggested by the recent result of the LHC exper- 
iment 21'|, and we neglect the mixing between gauginos 
and Higgsinos. In our discussion, the Higgsino is thus 
irrelevant. The components of the mass matrix have CP 
phases in the general case, and they can manifest them- 
selves as observable effect when the mass insertion occurs 
in the process. For the gluino, we remove its CP phase 
as usual. 



mj^ mf{A*-fiRf) 
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where Rf — cot /3 for up- type squarks, and Rf — tan/3 
for down- type squarks and charged sleptons. Note that 
in this discussion, only the down-type squarks and the 
charged sleptons are relevant. To obtain the sfermion 
mass eigenbasis, we introduce the following unitary ma- 
trix with the sfermion mixing angle 6 / and the C P phase 
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with cos9f 
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— sin 9 f 
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and sm9f w 1 for rrifRffi << 

fL fn 

In this approximation, the two mass eigen- 
r ^ mr , and to? sa to? . The 

Jl IR ' J2 JL 



values are given by m 

CP phase is given by 5f = avg{Af. — Rffi*) 

We should also give the gaugino-sfermion-fermion in- 
teractions. They are given by 



£a = > ; ^9flJl/RtaXn,aPL/Rf + H.C , (7) 



where a is the gauge index of the fermion / (but will 
be omitted from now). The convention for the sign of 
the gauge coupling is D^^ = 9^ — igAi^ta where ta is 
the generator of the gauge group. The index n gives 
the gauge group of the gaugino A„. We define Ai as 
the U{1)y gaugino, A2 as the neutral SU{2)l gaugino 
and A3 = g as the gluino. The fermion-sfermion-gaugino 
coupling constants are given as follows: for the gluino 

—gs- For the 



couplings, we have g^?^ = gs and gf'' 



couphngs of Ai, we have g-^' = i — %— , q^~^ — - 
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the A2 couplings 
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III. TWO-LOOP LEVEL RPV RAINBOW 
CONTRIBUTION TO THE FERMION EDM 

Let us now calculate the RPV rainbow diagrams. We 
can classify the rainbow diagrams into two types. The 
first type is the insertion of the effective one-loop level 
neutrino-gaugino-gauge boson vertex [Fig. [3](1)]. The 
second type is the insertion of the effective one-loop level 
neutrino-gaugino transition [Fig. |3](2)]. The derivation 
of the RPV rainbow diagrams is very similar to that 
of the rainbow diagrams in the minimal supersymmet- 
ric standard model [l3|- The detail of the computation 
of the type 1 and 2 insertions is presented in Appendices 
\X\ andlBl respectively. 

To obtain the EDM contribution, the above rainbow 
diagrams are calculated to the first order in the external 
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FIG. 3. Possible insertions of one-loop effective vertex for the 
rainbow diagram in RPV supersymmetry. The grey blob rep- 
resents the one-loop effective vertex. The solid lines attached 
to the grey blob indicate the neutrino and gaugino. 



momentum carried by the gauge boson (this manipula- 
tion is suitable since the EDM is the first order coefficient 
of the multipolar expansion) . In our calculation, we have 
neglected the fermion mass originating from the mass in- 
sertion of the inner loop. The formulae of the EDM of 
the fermion Fk {k is the flavor of the external fermion) 
given by the type 1 [Fig. [3] (1)] and the type 2 [Fig. [3] 
(2)] diagrams are respectively 



Y: Im(A,,A:,,e'(^"-^^.))^|m.j '^'^'-^^'^-% in^,, cos^,^ 

n=l,2 



(8) 



F=Fl,Fe 



/ (n) (n)\ 



647r3 

F=Fl ,Fji 



4tt 



smt/f. COS! 



(") 2 
F'^h 



(9) 



where Uc — 3 for inner quark-squark loop and ric = 1 for inner lepton-slepton loop. Here i and j are the flavor indices 
of the intermediate neutrino and the fermion-sfermion of the inner loop, respectively. The RPV couplings are given 
by A = A for the charged lepton-slepton inner loop, A = A' in the case of the quark-squark inner loop, A = A for the 
external lepton, and A = A' for the external quark. The constant s is -1-1 for the left-handed sfermion F^k and —1 for 
the right-handed sfermion Fpik ■ The electric charge of the inner loop fermion (sfermion) and the external fermion in 
the unit of e is denoted, respectively, by Q/ and Qf- The functions F' and F" are defined by 
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(10) 



(11) 



with Li2(a;) denoting the dilogarithm function. The original functions F'{a,b,c, f) and F" {a,b, c, f) were defined in 
; chromo-E 



Rcf. 



Similarly, the chromo-EDM is given as follows: 



dp, = lMknKkke ^''^'O^^^s sin6l/^ cos6'/^. ^ [^'(m?, 0, , m^ J - F'(m?, 0, m|_ , ) 



(12) 



F=Fl,Fr 



Note that the gluino mass parameter nig can be nega- 
tive, and the overall sign of dp may change. We see 
that the formulae dH]), and are very similar to 
the supersymmetric rainbow contribution with i?-parity 
conservation [10] (this is just a replacement of the matter- 
Higgs Yukawa couplings by the RPV couplings, and the 
Higgsino mass \^\'^ by the negligible mass of the neu- 
trino). The RPV rainbow diagrams vanish if the mass 



eigenvalues of the inner loop sfermion m and m are 
degenerate. This property can also be seen for the super- 
symmetric rainbow process with i?-parity conservation. 
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IV. ANALYSIS 

We now analyze the contribution of the RPV rainbow 
diagrams to the EDM and to the chromo-EDM of the 
fermions. In this discussion, we only consider processes 
with the third generation fermion-sfermion inner loop, 
since they give the dominant effect due to cos Of. (x mf-. 
We choose the following values for the sparticle masses in 
the function of the supersymmetry breaking scale Agugy: 
rrig = 1.8 X Asusy, m^^ = 1.5 x A^usy, "ig^ = 1-6 x A, 
TOfi = 1.0 X Asusy, and m^^ = 1.1 x A^usy 
squark masses for both gauge eigenstates are given by 
mj^ = m^^ = 1.7 X Asusy, and rrie^ = mg„ = 1.1 x 
Asusy for the selectron. The U{1)y and SU{2)l gaugino 
mass is given by m\-^ ^ = 1.0 x Agusy, and the sneutrino 
mass by mij. = 1.0 x Agusy In our discussion, we fix 
the ^ parameter to |^| — 1 TeV. For tan /J, we assign 
tan/3 = 40. The large value of tan/3 is important, since 
the rainbow diagram contribution will be enhanced for 
large tan/3, due to the factor cosOf.. 

The rainbow diagram will be compared with the lead- 
ing RPV Barr-Zee type diagram [18j. The fermion EDM 
and the quark chromo-EDM generated from the Barr-Zee 
type diagram is given respectively as: 
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The first case to consider is the rainbow diagram 
with external down-quark and quark-squark inner loop. 
In this case, the CP violating combinations of pa- 
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FIG. 4. Contribution of the RPV rainbow diagram with ex- 
ternal down quark and b — b inner loop (absolute value) to 
the neutron EDM plotted in the function of the supersym- 
metry breaking scale [we have set Im(Ai33Aiiie*'*"^*''-') = 
Im(A:33Ariie-'''') = Im(A^33Arii) = 1]. The Barr-Zee type 
contribution is also plotted for comparison. 



to the suppression of the Barr-Zee type diagram of the 
quark EDM, due to the double factor of the fractional 
charge of the down- type quarks (i). We can see also 
the fast decrease of the rainbow diagrams against the 
Barr-Zee type effect in high energy region of Ag^sy. This 
can be explained by simple dimensional analysis of the 
scaling in Agusy From Eqs. (IT3|) and ([14]), we see that 
the RPV Barr-Zee type diagram is scaled as A^^y. The 
RPV rainbow diagram is however scaled as A^^y, due 
to cos^f, (X a "'J^^ i , where we have fixed /i. If the /i- 



rameters lm.{X'j^^^X^ii 



parameter have a supersymmetric dynamical origin [25| 
and the /x-parameter is scaled as Agusy, the rainbow dia- 



Im(A-33A^ii) {i = 1, 2, 3) contribute to the neutron EDM 
via the EDM and the chromo-EDM. The dependence of 
the quark EDM and the chromo-EDM on the neutron 
EDM is given by the following relation, obtained from 
the analysis using QCD sum rules (22I. [23j: 

dn = QATdd - 0.12d„ + e(0.35djj + 0.17O , (15) 

where we have assumed the Peccei-Quinn symmetry [2^ . 
The rainbow diagram effect (for both EDM and chromo- 
EDM) with external down-quark and bottom quark- 
bottom squark inner loop, together with that of RPV 
Barr-Zee diagram, is plotted in Fig. U) We see that 
the chromo-EDM generated by the RPV Barr-Zee dia- 
gram dominates over all other contributions. The dom- 
inance of the chromo-EDM over the quark EDM can be 
explained by the large value of the strong coupling Us 
over the electromagnetic coupling aom- We remark also 
that the rainbow and Barr-Zee type contributions have 
very close size near Agusy = 1 TeV for the quark EDM, 
even though the two effects have a difference by about 
one order of magnitude for the chromo-EDM. This is due 



), Im(A-33A^^;^e ''), and gram contribution will be scaled as Ag^gy. We must note 



that the rainbow diagram and the Barr-Zee type diagram 
can interfere constructively or destructively, depending 
on the phases e^'^^^~^''\ e~^^'' and the signs of the gluino 
mass parameter mg and of cos0f,sin0f,. The RPV Barr- 
Zee type contribution to the quark chromo-EDM however 
dominates over the rainbow chromo-EDM with external 
down quark and b — b inner loop by one order of magni- 
tude, so it is difficult to enhance or cancel the total contri- 
bution, and the result will not be much changed from the 
analysis taking into account the Barr-Zee type diagrams 
alone. In Fig. |4l we can see that the RPV contribution to 
the neutron EDM (plotted with Im(A^33A^*iie'^^""^''^) « 
^HKssKiie-'^') - ^HKssKii) ~ 1) largely exceed the 
currently known experimental data of the neutron EDM 
{dn < 2.9 X 10~^^ecm) 4]. It is thus possible to con- 
strain this combination of RPV couplings, li 6b — and 
the interference is constructive, we obtain the following 
limit 



IMA^asAai)! < 1-9 x 10" 



(16) 



for Ag 



1 TeV. 
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FIG. 5. Contribution of tlie RPV rainbow diagram with 
external electron and r — f inner loop (absolute value) to 
the electron EDM plotted in the function of the supersym- 
metry breaking scale [we have set Im(A233A2iie''-''"~*^'') = 
Im(A233A2ii) — 1]. The Barr-Zee type contribution is also 
plotted for comparison. 



FIG. 6. Contribution of the RPV rainbow diagram with 
external electron and b — b inner loop (absolute value) to 
the electron EDM plotted in the function of the supersym- 
metry breaking scale [we have set Im(Ai33A*iie*'*"~*''-') = 
Im(A^33A*ii) = 1]. The Barr-Zee type contribution is also 
plotted for comparison. 



The next case to consider is the rainbow diagram with 
external electron and charged lepton-slepton inner loop. 
In this case, the CP violating combinations of param- 
eters Im(A233A2iie*(^"~'^")) and Im(A233A2ii) contribute 
to the electron EDM. The rainbow diagram effect with 
external electron and r-f inner loop, together with that 
of the RPV Barr-Zee type diagram, is plotted in Fig. 
|5j Here we find that the rainbow and the Barr-Zee type 
contributions have similar size. This means that impor- 
tant enhancement or cancellation may occur, depending 
on the phase of e'^^""''^) and the sign of cos Or sin 6'r. In 
this case we do not have the suppression of the Barr-Zee 
type process by fractional charge. The comparable size 
of these two contributions is natural, since both involve 
no colored sparticles which were assumed to be heav- 
ier than uncolored sparticles. Here we find again that 
the rainbow diagram decreases faster than the Barr-Zee 
type diagram in heavier supersymmetry breaking region. 
The reason is the same as for the down-quark EDM and 
chromo-EDM with quark-squark inner loop. As we can 
see in Fig. |5l this RPV contribution to the electron 

EDM (for Im(A,33A,*ne*^'""'''^) « Im(A,33A*n) ~ 1) ex- 
ceeds largely the limit given by the experimental limit 
of the electron EDM (4 < 1.05 x lO^^Tg^j^) jf 
the interference is constructive, the limit of the RPV 
couplings Im(Ai33A*]^j^) is improved by about factor 1.6 
from the analysis of the Barr-Zee type diagram alone (for 
Asnsy = 1 TeV): 

|Im(A,33A*n)l < 1-2 x 10"^ (17) 

If the interference is destructive, the limit to the RPV 
couplings will of course be loosened. 

The third case to consider is the rainbow diagram 
with external electron and quark-squark inner loop. In 
this case, the CP violating combinations of parameters 



Im(A^33A*ne'(''"-'')) and Im(A^33A*n) {^ = 1,2) con- 
tribute to the electron EDM. The rainbow diagram ef- 
fect with external electron and bottom quark-squark in- 
ner loop is plotted in Fig. |6l with also the Barr-Zee type 
contribution for comparison. Here again we find that 
the rainbow and Barr-Zee type contributions have simi- 
lar size. This is due to the suppression of the Barr-Zee 
type diagram with a factor of the fractional charge of the 
bottom quark. As for the electron EDM with lepton- 
slepton loop, the interference can enhance or suppress 
the total contribution. In this case, we can constrain the 
RPV couphngs lm{X'^^^X*-f^^) with the experimental data 
of the electron EDM. If the interference is constructive 
and maximal, we obtain the following limit to the RPV 
couplings for Agusy — 1 TeV: 

IMA:33A*ii)I<1.5x10~^ (18) 

This limit is tighter than the constraint given by the ex- 
perimental data of the ^^^Hg ato m [5(1 via the P, CP-odd 
electron-nucleon interaction 0, |26| | 

IMA^33A:ii)| < 1.8 X 10-^ (19) 

This result is important since, the Barr-Zee type contri- 
bution alone could not give the tightest constraint. If the 
interference is destructive, the limit to the RPV couplings 
is loosened, and may even disappear. 

The final case to consider is the rainbow diagram with 
external down-quark and charged lepton-slepton inner 
loop. In this case, Im(Aj33A-iie*(^"~'^"^) and Im(Ai33A-*i) 
{i — 1,2) contribute to the neutron EDM. By again us- 
ing the relation (fT5|) . we obtain the plot of Fig. jT] We 
see that although being comparable, the RPV rainbow 
diagram is smaller than the Barr-Zee type contribution. 
This is because the effect of the type 2 rainbow diagram 
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FIG. 7. Contribution of the RPV rainbow diagram with ex- 
ternal down quark and t — f inner loop (absolute value) to 
the neutron EDM plotted in the function of the supersym- 
metry breaking scale [we have set Im(Ai33Aiiie''-*"~''^-') = 
Im(Ai33Aiii) = 1]. The Barr-Zee type contribution is also 
plotted for comparison. 



is suppressed by the fractional charge of the quark 
[see Eq. As for the other cases, if the interference is 
constructive, the limit on the RPV couplings is tightened 
as 



V. CONCLUSION 

In this paper, we have calculated a new sizable RPV 
contribution to the fermion EDM, the rainbow diagram. 
The calculation was similar to that of the rainbow di- 
agram of the minimal supersymmetric standard model, 
and we have given the formulae for it. It was found that 
the RPV rainbow diagrams have sizable effects compared 
with the currently known RPV Barr-Zee type diagrams, 
for the electron EDM with b—b or t — t inner loops, and 
for the neutron EDM with t — t loop. We have also given 
new limits on the related combinations of RPV couplings 
when the interference is maximally constructive. The 
RPV rainbow diagrams have also many interesting prop- 
erties, such as the large enhancement due to large tan /3, 
the cancellation for the equal mass eigenvalues of the 
inner loop sfermions, the A^^y scaling, etc. The interfer- 
ence between the Barr-Zee type and rainbow diagrams is 
dependent on the phases e'^^'j and the signs 

of the gluino mass parameter and of cos9f. sin^y.. 

In this work, we did not considered the RPV rain- 
bow diagrams with chargino propagation. As the matter- 
chargino interactions have comparable coupling with the 
matter- neutralino ones, it is highly probable that the 
rainbow diagrams with chargino have sizable effects. We 
should study this topic in the next work. 



|Im(A,33Aru)l < 2.5 x 10" 



(20) 
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Appendix A: Calculation of the type 1 rainbow diagram 



In this section, we calculate the type 1 rainbow diagram with the insertion of the one-loop effective neutrino- 
gaugino-gauge boson vertex [see Fig. |3](1)]. The inner one-loop diagrams are depicted in Fig. |8l This contribution 




FIG. 8. One-loop contribution to the effective neutrino-gaugino-gauge boson vertex. 



can generate both EDM and chronio-EDM. 

The amplitude of the effective neutrino-gaugino-gauge boson vertex is given by the sum of the diagrams shown in 
Fig. E 



M^XG = A^(a) + A^(a') + X(b) + A^(b') 



(Al) 
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The ofF-shell amplitudes A^(a), M.{a.'), M.{h), and A^(b') are given as: 

(2^ 



2q'^"'''mf.\nPLVi-k^e cos'' 9 r . d( mi ,mj: , mi )+ sin'' 9 r . d( mi , m ^ ,mi ) 



d^k 



-iS f 



J/ 2 2 2 \ 1/ 2 2 2 \ 

dim? ,m? ,mf. — am? ,m; ,mf.) 



.(A2) 



(27r)4 

^g^'^lmf'X^PLV^-k^'e 



''9t d[vr?2 1 'Til , mf .) + cos^ Sf dfTO; , m ^ jmi. ) 



-iS f 



d{mi , TO ; , m f ) — dfTO'l , m ; , to f ) > ,(A3) 

^ /2j' /2j' Jj' ^ /ij' /ij' /j'J ^ 



(27r)4 



X <! g^f^mf^\n{2k^ - l^'il)PLV^ e-'^ [sin" 0/^.d(m^^ , m^^ , m^^^ ) + cos' 0/^ d{m'f^ , m^ , to^^^. ) 



gf^Kiit - ^i) + TO2^^.7^)PLi', cos 9f^ sin 0/^. e'^^-^^^i [d{ml , to"^. , ) - diml , to"^^. , mj^^ ) 



(A4) 



(2^ 

xi -gi"^m/,A„(2fc^-7^^i)PLi/,e-*T^ [cos' , ml , to| ) + sin" 6'/:,d(ml , ml , to", ) 

\ J L L •> -J J J J J Jlj •'■J J J J J J2j 

+4l^A„(^7n^ - ^l)+mlJnPLl^^cos9f. sin9f^e'^-''^^ [d{ml , m}^ , mjj - d{ml,ml,m\) 

(A5) 

where gf = Q/e is the electromagnetic gauge coupling of the fermion / or sfermion / of the inner loop (the strong 
gauge coupling gj = ga for the chromo-EDM), gf^^^ the gauge coupling to the fermion-sfermion pair [see Eq. ([T]) for 

the Lagrangian]. Here A is the RPV coupling, with A = A when charged lepton-slepton runs in the loop, and A = A' 
for the case of down-type quark-squark loop. The factor t„ is given by tn — QfUc for the contribution with external 
photon and tn — \ external gluon. The momenta carried by the exiting gauge boson and gaugino are denoted 
by qi and q2, respectively. The gaugino and the neutrino spinors are given by A„ and Vi, respectively. Note that the 
gaugino A„ is Majorana. The polarization vector of the external gauge boson is given by e* . Here we have used the 
following notation to simplify the above equations: 



d{x,y,z) 



[k^-x][{k-q^r-y][{k + q2r~z] ' 



(A6) 



Terms with cos^Of and sin^^j. are the contribution from the mass insertion in the fermion propagator, and terms 
with sm9f. cosOf- are given by the mass insertion in the sfermion propagator. 

By integrating Eqs. (jA2p . (jA3p . (IA4p . and (|A5|) . we obtain the following one-loop level effective neutrino-gaugino- 
gauge boson vertex (expanded up to the first order in the external momentum carried by the gauge boson): 



i^/2 



iM.XG « J^^^mdMaf^ - ^OB9f^e'^-''i.el{q^)\nM2l^PLi^^ 



dz 



9 9 

zqi — m ~ 



(mi ^ mi ) . 

(A7) 
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In writing the above off-shell amplitude, we have omitted several other Dirac bilinears with different Lorentz structure, 
such as 92 ^n^i-Pii^i, {qi ■ <l2)^nl^PLi^i- These terms do not contribute to the EDM operator e^^Fka^" q^^f^F}^ after 
insertion into the second loop (they cancel with their complex conjugates), so we do not consider them further. We 
have also neglected the quark and lepton masses. Similarly, the ofF-shell effective antineutrino-gaugino-gauge boson 
amplitude is given by 



iV2 



■^G « J^KngMaf^ - 4?) sin^/, cos^/^.e'"^^ ' ^' e*^{qi)\nM2l''PRV- dz - {mj^^ ^ mjj. 

(A8) 

This amplitude is given by the complex conjugated RPV coupling X*jj. Note that we also have to consider the 
amplitudes generated by transposed fermion interactions. They are given by 



iV2 



(^A*„.g/t„(4;;)-4;;))sin0/^cos0;,.e^*^'.-^^6;(gi)i^.^i^27^PLA„ 



2 2 (to - O To - ) , 

- mi J-^i tij 



(4^ 



dz 



2 ? 

zqi — TO^ 
^ hi 



(A9) 

(to J ^ rn?r ) ■ 

J2j flj 

(AlO) 



Here the momentum q2 is of course that carried by the exiting neutrino or antineutrino. We should note that the 
one- loop level effective vertices (jA7|) . (jASp . (|A9p . and (jAlO|) are all first order in qi. 

We now insert the above effective vertices (|A7p . (|A8p . (jA9|) . and (|A10p to the second loop, as shown in Fig. [3](1). 
We obtain then the following contribution for the type 1 insertion (expanded in the first order of qi): 



iM^ ~ ■^^;^Im(AijjA-;,;,e'^^" ^^^^)gftn{gf^ - ) sin 6*/^. cosO f^\mx,,\el{qi) 



(n) 
F 



F=Fl.,Fr 



d'^k 



(27r)4 p |^^J2 



fc2 



dz —T, ^ (to T -(r^ rrir ) 

zk^ - TO j iij 

J2j 



647r3 



Im( A*fefe e'^^" ^ ) | toa„ |t„ 



/ (n) (n)-. 



■ sm y f. cos 



( I to A„ I ^ , to|^ , TO^-^ J - F' ( I to A„ ^ 0, to|^ , to| J J ,( All ) 



F=F,,Fr 



where we have omitted terms which do not contribute to the EDM operator e*^F}.a^^ q^^^F}^. The RPV coupling A 

is given by A = A for external lepton and A = A' for external quark. The constant s is -|-1 for left-handed sfermion 
Fl and —1 for right-handed sfermion F/j. The functions F' and F" are defined by Eqs. (fTO|) and pT|) . respectively. 
From the above equation, we obtain the formulae for the EDM and for the chromo-EDM (|12p . 



Appendix B: Calculation of the type 2 rainbow diagram 

In this section, we calculate the second type rainbow diagram with the insertion of the one-loop effective neutrino- 
jaugino transition (see Fig. [3] (2) ). The contributing one- loop diagrams are shown in Fig. [HI Note that this type of 



— » ^AA»Xn I'i —*—^ « «VAA»Xo 



FIG. 9. One-loop diagram contribution to the RPV neutrino-gaugino transition. 



rainbow diagram does not contribute to the chromo-EDM due to the gauge invariance. 
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The one-loop level effective neutrino-gaugino transition within i?-parity violation is given by 



iMi,\ = -V2X 



ijjricmf. 



d^k - 9f 'sm Of^+g)' cos' 9 



(") • 2 , 

g - sni I 

■ IL 



(n) 9 
Ql cos I 

JR 



i2n) 



fc2 



/l 



fc2 — TO J 

J2: 



d^k f ~Xn{^ +h)PL'^'. 



(27r)4 



(A; + 52)^ - mj^ 



(k + - mj^ 



(rn]: -H- TO J ) 



(Bl) 

where (72 is the momentum carried by the incident fermion. The other notations are the same as for Appendix]^ It is 
important to note that the first line of the above equation is divergent. This divergence occurs because the first term 
is a one- loop correction to the tree- level RPV Higgs-slepton transition (note the mass insertion mf.). As we have 
assumed that the bilinear RPV interaction can be rotated away, the divergent term is renormalized to zero. The second 
line is however finite and cannot be renormalized away. This contribution does not give the same effective interaction 
as the renormalizable first term (note the Lorentz structure ^2 of the effective operator). It is only generated at the 
loop level through the trilinear RPV interactions. After renormalization, we obtain 





^ (4^)2-^^""^^% 


JR 




^ (4^)2 ^" 


+ 9) 
JR 


iMxu R 


. A* „ (n^-^^ 


+ 9) 
JR 


iMx„^ R 


. A...„ 

^ (4^)2-^^""^^% 


1 (" 



-iS f 



^^XnhPh^i I dx{l-x)\n 



- C ■ Pll - 

lO f ■ — 'l-rr- ' 



iSf. — i 



i-^—td f 



xq^ 




xq^ 


— TO ; 

J2i 


' xql 


9 

- TOjr 

Jli 


xq\ 


9 

— m% 

hi 


xq2 




xq^ 


- to| 

I2i 


xql 


— rrA 

Jli 


xql 


9 

— mA 

J2i 



(B2) 
(B3) 
(B4) 
(B5) 



where we have also written the off-shell amplitudes given by the transposed and hermitian conjugated interactions. 
Here again we have neglected the quark and lepton masses. By inserting the above effective vertices to the second 
loop as shown in Fig. [3] (2), we obtain the following contribution for the type 2 insertion (expanded in the first order 
of the momentum q carried by the external photon) : 



2i 



2i 



■Im(A.,, A*,,e'(^"-^^.')n,g;^e(4") + ^i^^/. ^^o^^/. 



d'^k 



g'-^'^hl^Fk ■ fc2(-2fc^ + 2p^ - q^) 



(27r)4 p _ 1^^^ |2] \(k + q- p)2 - to|^ I (fc - p)2 - 



9 

TO^~ 



Im(A.yj A^j^j^e'^"" ^f^^)ncQFe{gy' + g^J) sin 61/^ cos6'/^. |toa„ \e*^iq) 



(47r)2 



Jr 



E 



F=Fl,Fr 



d^k -gfmlhl^Fk-{2p^~qn /■! 



(2^)4 



[fc2-|TO,Aj2] 



fc2 



(1 — x ) In 



(1 — x) In 



'a;A:2 — m?: 
a;fc2 — m J 

^ J2i . 



t;fc2 



9 

J2, 



(4^) 



' Im(A.„-A*,,e'(^"-^^. VcgFe(4"^ + 4"^) sin0/^ cos^^^. |toa„ |e* (g)Ffca'^'^(z.75Ffc 



E ^ 



(n) 2 



( I TOA„ 1 2 , 0, to|^ , to2- J - ( I TO A„ P , 0, toI^ , to2^^ J 



(B6) 



F=Fl,Fr 



where the function F" is defined in Eq. (jlip . and the external momentum brought by the fermion is given by p. 
This leads to the formula 
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